INTRODUCTION
============

Hepatocellular carcinoma (HCC) is one of the most common malignancies and leading causes of cancer-related death. Hepatic resection (HR) is indicated as the first-line treatment in patients with preserved hepatic function, although tumor recurrence is high after curative HR. Liver transplantation (LT) is also indicated for HCC in patients with impaired hepatic function. Although candidates for LT are prudently selected according to the selection criteria for HCC, post-transplant recurrence leads to poor outcomes.

HCC recurrence after HR or LT is initially treated with various locoregional therapies; however, tumor progression renders such treatments refractory. Thus, a considerable number of patients undergo systemic chemotherapy including sorafenib. Sorafenib is currently regarded as the first-line chemotherapeutic agent for treatment of advanced HCC following reports of prolonged survival periods in two randomized controlled trials.[@B1][@B2] However, the therapeutic effect of sorafenib is often suboptimal, and most patients experience tumor progression.[@B3] It is imperative to discover adjunct therapies to enhance the therapeutic effects of sorafenib.

In patients with HCC recurrence after HR or LT, vitamin K administration with or without sorafenib occasionally showed noticeable antitumor effects.[@B4][@B5] However, meta-analyses including a randomized controlled trial have failed to show the antitumor effects of vitamin K.[@B6][@B7] In a randomized controlled trial, no antitumor or synergistic effects of everolimus were detected in patients with advanced HCC receiving sorafenib.[@B8]

Metformin is a biguanide used for the treatment of type 2 diabetes mellitus (DM). It inhibits cancer cell growth by inducing cell cycle arrest and enhancing apoptosis.[@B9][@B10][@B11][@B12] A considerable number of studies have suggested that metformin plays a chemopreventive role in other cancers and reduces the risk of HCC,[@B13][@B14][@B15] suggesting the antitumor effects of metformin. Recently, it was reported that the combination of metformin and sorafenib suppresses cell proliferation and induces autophagy of HCC in vitro and in vivo by targeting the mammalian target of rapamycin (mTOR) pathway.[@B16] In addition, metformin sensitizes sorafenib to inhibit postoperative recurrence and metastasis of HCC in mouse models, in which metformin may potentially enhance the effect of sorafenib to inhibit HCC recurrence and metastasis after HR.[@B17]

Therefore, the present study assessed whether the use of metformin as an adjunct therapy to sorafenib induces synergistic antitumor effects on patients with recurrent HCC following HR or LT.

MATERIALS AND METHODS
=====================

Study design
------------

This study comprised two clinical investigations into HCC recurrence after HR and LT. In the clinical studies, post-treatment survival periods were analyzed to validate the antitumor effects of metformin as an add-on therapy. The study protocols were approved by the Institutional Review Board of the Asan Medical Center.

Patient selection for the HR cohort
-----------------------------------

The HCC database at our institution was searched to identify patients who were treated with sorafenib for HCC recurrence after HR during 8 years from January 2009 to December 2016. Patients who discontinued sorafenib treatment for 2 months were not included. Based on this screening process, 304 patients with HCC recurrence who were exposed to sorafenib before May 2017 were selected and divided according to the concurrent administration of metformin or insulin for treating DM. Finally, 40 patients were assigned to the sorafenib-metformin co-medication group (sorafenib-metformin HR group; group 1), 23 to the sorafenib-insulin co-medication arm (sorafenib-insulin HR group; group 2), and 241 to the sorafenib-alone arm (non-DM HR control group; group 3). Patients who were treated with both insulin and metformin were assigned to the sorafenib-metformin co-medication group.

To overcome possible selection bias, propensity score matching (PSM) was conducted between study group 1 and control group 3 using multiple logistic regression and a 1:2 matching requirement via nearest neighbor matching. Baseline characteristics (age, sex), background liver disease (viral hepatitis versus others), level of tumor markers (AFP and proteins induced by vitamin K antagonist or absence-II) at the start of sorafenib therapy, precedent locoregional therapy, total tumor load (sum of intra- and extrahepatic tumor volumes), and duration of sorafenib administration were matched. Eighty patients were assigned to this PSM non-DM HR control group (group 4).

Patient selection for the LT cohort
-----------------------------------

The LT database at our institution was also searched to identify patients who underwent LT for HCC over an 11-year period from January 2003 to December 2013, and 1376 of 3248 adult recipients who had undergone LT were selected. Of these, 221 recipients (16.1%) manifested post-transplant HCC recurrence until December 2015. Patients who discontinued with sorafenib therapy for 2 months were excluded. Following this screening process, 74 patients were selected and divided according to the concurrent administration of metformin and insulin. Finally, 14 patients were assigned to the sorafenib-metformin co-medication group (sorafenib-metformin LT group; group 5), 17 to the sorafenib-insulin co-medication group (sorafenib-insulin LT group; group 6), and 43 to the sorafenib-alone group (non-DM LT control group; group 7) ([Fig. 1B](#F1){ref-type="fig"}). Patients exposed to both insulin and metformin were assigned to the sorafenib-metformin co-medication group.

To overcome possible selection bias, PSM was conducted between study group 5 and control group 7 using multiple logistic regression analysis and nearest neighbor matching (1:2). Baseline characteristics (age, sex), background liver disease (viral hepatitis versus others), level of tumor markers at the time of administering sorafenib, precedent therapy treatment, total tumor load (sum of intra- and extrahepatic tumor volumes), use of mTOR inhibitor (everolimus or sirolimus), and duration of sorafenib administration were matched. Twenty-eight patients were assigned to this PSM non-DM LT control group (group 8).

Patient follow-up
-----------------

The general principles of treatment for recurrent HCC lesions were applied to HR and LT patients with HCC recurrence.[@B18][@B19] Patients in the HR and LT groups were followed up until October 2017 with medical record review and assistance from the National Health Insurance Service. All patients were completely followed up to determine patient survival status. Disease progression was assessed using modified Response Evaluation Criteria in Solid Tumors (RECIST).[@B20] DM treatment was usually provided long before HCC recurrence, thus the progression-free survival period was calculated from the day of sorafenib treatment initiation until the day of documented disease progression or last follow-up. Overall survival was calculated from the day of starting sorafenib administration until the day of patient death or the last follow-up.

Statistical analysis
--------------------

Continuous variables were reported as mean with standard deviation or median with range and compared using Student\'s *t*-test. Categorical variables were compared using the chi-square or Fisher\'s exact test, as appropriate. Survival curves were generated using the Kaplan-Meier method and compared using the log-rank test. A *p*-value of \<0.05 was considered to indicate a statistically significant difference. Statistical analyses were performed using SPSS version 22 (IBM, New York, NY, USA).

RESULTS
=======

Clinical study post HR
----------------------

The patient selection process for the HR groups is outlined in [Fig. 1](#F1){ref-type="fig"}. The clinicopathological features of the patients in the sorafenib-metformin HR group (group 1), sorafenib-insulin HR group (group 2), non-DM HR control group (group 3), and non-DM HR PSM control group (group 4) are summarized in [Table 1](#T1){ref-type="table"}. All patients underwent locoregional therapy for recurrent HCC lesions prior to sorafenib therapy. The clinicopathological features of patients in groups 1 and 3 differed in terms of age, background liver disease, model for end-stage liver disease (MELD) score, and AFP. These differences were not detected between patients in groups 1 and 4 after PSM.

During the follow-up with a median of 10.2 months (range: 2--76 months) after sorafenib administration, death occurred in 245 of the 304 patients (80.6%). The median progression-free survival period after sorafenib administration was 4.5 months in group 1; 4.1 months in group 2; 3.1 months in group 3; and 3.0 months in group 4 (*p*=0.63; [Fig. 2A](#F2){ref-type="fig"}). The median overall survival after sorafenib administration was 12.1 months in group 1; 11.8 months in group 2; 10.5 months in group 3; and 10.3 months in group 4 (*p*=0.96; [Fig. 2B](#F2){ref-type="fig"}).

A comparison between patients in groups 1 and 4 revealed no difference in progression-free survival rates (*p*=0.078; [Fig. 2C](#F2){ref-type="fig"}) and overall survival rates (*p*=0.10; [Fig. 2D](#F2){ref-type="fig"}) after sorafenib intervention.

Clinical study post LT
----------------------

The patient selection process for the LT groups is outlined in [Fig. 1](#F1){ref-type="fig"}. The clinicopathological features of the patients in the sorafenib-metformin LT group (group 5), sorafenib-insulin LT group (group 6), non-DM LT control group (group 7), and non-DM LT PSM control group (group 8) are summarized in [Table 2](#T2){ref-type="table"}. All patients underwent locoregional therapy for recurrent HCC lesions prior to exposure to sorafenib. The clinicopathological features of patients in groups 5 and 7 were very similar, except for AFP levels. This difference was not detected between patients in groups 5 and 8 after PSM.

During a median follow-up of 13.6 months (range: 3--76 months) after sorafenib administration, death occurred in 62 of the 74 patients (83.8%). The median progression-free survival period after sorafenib administration was 6.5 months in group 5; 6.1 months in group 6; 6.7 months in group 7; and 6.6 months in group 8 (*p*=0.99; [Fig. 3A](#F3){ref-type="fig"}). The median overall survival after sorafenib therapy was 15.9 months in group 5; 10.8 months in group 6; 11.4 months in group 7; and 10.9 months in group 8 (*p*=0.89; [Fig. 3B](#F3){ref-type="fig"}).

A comparison between patients in groups 5 and 8 revealed no difference in progression-free survival rates (*p*=0.72; [Fig. 3C](#F3){ref-type="fig"}) and overall survival rates (*p*=0.58; [Fig. 3D](#F3){ref-type="fig"}) after sorafenib administration.

DISCUSSION
==========

Sorafenib is a multikinase inhibitor with therapeutic efficacy against HCC.[@B4] Although sorafenib markedly prolongs the survival of patients with advanced HCC,[@B8][@B9][@B10][@B11] its potential mechanisms of action that induce clinical benefits are yet to be established. Metformin is a biguanide that inhibits cancer cell growth by inducing cell cycle arrest and enhancing apoptosis, and is reportedly associated with a reduced risk of HCC.[@B9][@B10][@B11][@B12][@B13][@B14][@B15]

Metformin treatment mainly induces the inhibition of mTOR pathway, which plays an important role in the metabolism, growth, and proliferation of cancer cells.[@B21] Metformin inhibits mTOR pathway via AMP-activated protein kinase (AMPK) activation, which is important for energy homeostasis.[@B22] Metformin also inhibits the mTOR pathway in an AMPK-independent manner.[@B23] The antitumor effects of metformin are thought to be mediated via AMPK-dependent and independent pathways. Sorafenib activates AMPK. A clinical study demonstrated that patients with *KRAS*-mutant advanced non-small cell lung cancer treated concomitantly with sorafenib and metformin had better outcomes than those receiving sorafenib alone. The study also showed that sorafenib and metformin act synergistically by inhibiting cellular proliferation in non-small cell lung cancer *in vitro* and *in vivo* and by phosphorylating the AMPK α activation site.[@B24] Thus, both sorafenib and metformin appear to activate the AMPK pathway, thus inducing synergistic antitumor effects.

In the current study, we selected two cohorts with tumor recurrence after macroscopically curative resection of pathologically proven HCC through HR and LT. Because of the limited number of cases and different patterns and extent of tumor recurrence, it is difficult to assess the antitumor effects of sorafenib and metformin in patients who had undergone HR or LT and later diagnosed with advanced HCC recurrence.[@B25] Surprisingly, we found no synergistic effect of sorafenib and metformin in patients who underwent HR and LT.

The antitumor effects of metformin were only demonstrated in high-volume cohort studies or laboratory-based investigations,[@B9][@B10][@B11][@B12][@B13][@B14][@B15] implying that potency of the antitumor effect was not sufficient to serve as an independent prognostic indicator in small or medium-sized studies. The wide variability of response to treatment in our clinical studies suggests that only a small proportion of patients may benefit from the combination therapy of sorafenib and metformin.

One clinical study with patients with advanced HCC showed poorer outcomes with concomitant sorafenib and metformin intervention compared with sorafenib alone.[@B26] This small-volume retrospective study (n=93) appears to conflict with several in vitro studies showing a synergistic effect and clinical studies demonstrating the chemopreventive effects of metformin.[@B9][@B10][@B11][@B12][@B13][@B14][@B15] Our present study suggests that metformin and sorafenib co-treatment is not beneficial from an oncological standpoint, despite the absence of any detrimental effect. Based on this study, it may not be reasonable to intentionally prescribe metformin to augment the antitumor effects of sorafenib in HCC patients contraindicated for DM treatment.

This study has a few limitations. Our clinical study was a single-center retrospective study with a limited number of patients. The PSM case-control comparison might not be adequate to overcome the oncological heterogeneity of the study patients. However, a unique strength of this study is that the survival status of all patients was completely followed.

In conclusion, our clinical studies demonstrated no antitumor effects of metformin in patients treated with sorafenib. These findings underscore the need for further high-volume studies to assess the role of metformin in patients exposed to sorafenib for advanced HCC.
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###### Comparison of clinical profiles at start of sorafenib treatment in the HR groups
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HR, hepatic resection; HBV, hepatitis B virus; HCV, hepatitis C virus; BCLC, Barcelona Clinic Liver Cancer; AFP, α-fetoprotein; PIVKA-II, proteins induced by vitamin K antagonist or absence-II; MELD, model for end-stage liver disease
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###### Comparison of clinical profiles at the start of sorafenib administration in the LT groups
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LT, liver transplantation; HBV, hepatitis B virus; HCV, hepatitis C virus; BCLC, Barcelona Clinic Liver Cancer; AFP, α-fetoprotein; PIVKA-II, proteins induced by vitamin K antagonist or absence-II; MELD, model for end-stage liver disease; mTORi, mammalian target of rapamycin inhibitor
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